Persistent organic pollutants (POPs) have been associated with a wide range of adverse health effects. Our case-control study was performed to explore the association between placental levels of selected POPs and risks for neural tube defects (NTDs) in a Chinese population with a high prevalence of NTDs. Cases included 80 fetuses or newborns with NTDs, whereas the controls were 50 healthy, nonmalformed newborn infants. Placental concentrations of polycyclic aromatic hydrocarbons (PAHs), organochlorine pesticides, polychlorinated biphenyls, and polybrominated diphenyl ethers were analyzed by gas chromatography-mass spectrometry. The medians of PAHs, o,p′-isomers of dichlorodiphenyltrichloroethane (DDT) and metabolites, α-and γ-hexachlorocyclohexane (HCH), and α-endosulfan were significantly higher in case placentas than in controls. PAH concentrations above the median were associated with a 4.52-fold [95% confidence interval (CI), 2.10-9.74) increased risk for any NTDs, and 5.84-(95% CI, 2.28-14.96) and 3.71-fold (95% CI, 1.57-8.79) increased risks for anencephaly and spina bifida, respectively. A dose-response relationship was observed between PAH levels and the risk of NTDs, with odds ratios for the second, third, and fourth quartiles, compared with the first, of 1.77-(95% CI, 0.66-4.76), 3.83-(95% CI, 1.37-10.75), and 11.67-fold (95% CI, 3.28-41.49), respectively. A dose-response relationship was observed for anencephaly and spina bifida subtypes. Similar results were observed for o,p′-DDT and metabolites, α-HCH, γ-HCH, and α-endosulfan, whereas no dose-response relationship was observed for the last two pollutants. Elevated placental concentrations of PAHs, o,p′-DDT and metabolites, and α-HCH were associated with increased risks of NTDs in this population.
N eural tube defects (NTDs) are serious birth defects that result from the failure of the neural tube to close by the 28th day of gestation. NTDs that are restricted to the cranial region of the neural tube are referred to as anencephaly (1) . This condition is characterized by the absence of the cranial vault and absent or markedly diminished cerebral hemispheres. In addition, the cerebellum is usually absent, and the brainstem may be hypoplastic. Most fetuses with anencephaly are aborted or stillborn. However, a small proportion of anencephalic infants are live-born, and they can survive for short periods without significant medical support. Closure defects that are restricted to the caudal portion of the neural tube are referred to as meningomyeloceles or spina bifida (1) . This condition is associated with bony defects in the overlying neural arches, through which the meninges and spinal cord tissue are exposed to the body surface. Clinically, spina bifida may be further characterized by anatomic level and extent of the lesion. The majority of fetuses with spina bifida are live-born and, with proper treatment, survival into adulthood is common. Infants with spina bifida often have paralysis, urinary and bowel problems, learning difficulties, or hydrocephalus. It has been estimated that annually, more than 320,000 infants worldwide are affected by NTDs (2).
NTDs have a multifactorial etiology, with both genetic and environmental contributions to the observed phenotypes. Folate deficiency during the periconceptional period, maternal epilepsy with concomitant anticonvulsant drug exposure, maternal obesity, diabetes mellitus, and maternal hyperthermia are all known risk factors for NTDs (3) . Environmental pollutants have also been suggested to be involved in the etiology of these malformations, although limited corroborating evidence has been reported to date (3, 4) .
Persistent organic pollutants (POPs) are ubiquitous chemicals that can accumulate in the human body because of their lipid solubility and resistance to metabolism. Common POPs include: organochlorine pesticides (OCPs), polychlorinated biphenyls (PCBs), polybrominated diphenyl ethers (PBDEs), and polycyclic aromatic hydrocarbons (PAHs), among others. Exposure to POPs can be associated with a wide range of adverse health effects, including carcinogenicity and teratogenicity (5, 6) . These compounds not only behave as endocrine disruptors, but they also have the ability to induce cellular oxidative stress (7, 8) . Both of these mechanisms have been reported to disrupt normal embryonic development.
There have been few reported studies of the association between these pollutants and the risk of NTDs in humans. The only publication exploring the association between PAH biomarkers and NTD risk showed that the total PAH concentration in the blood of women whose pregnancies were affected by NTDs was higher than that of women who gave birth to healthy infants (9) . In a case-control study conducted in the United States, pregnant women who reported that an insect control professional applied pesticides to their homes had a 60% increased risk of having an NTD-affected pregnancy compared with those women who had no such pesticide exposure during their pregnancies (10) . Mexican American women who reported using pesticide in their homes or yards were twice as likely to have pregnancies affected by NTDs than those who reported no pesticide use (11) . In California, the NTD risk was found to be weakly associated with periconceptional maternal residential proximity to National Priority List sites containing PCBs (12). However, a major limitation of most of these epidemiological studies is that they did not use biomarkers to quantify maternal or fetal exposure, relying solely on more circumstantial evidence.
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Understanding the environmental causes of NTDs can facilitate research into the underlying mechanisms responsible for the development of NTDs and help formulate population prevention strategies that target these modifiable environmental factors. In the present study, we tested the hypothesis that elevated concentrations of POPs in the placenta may be associated with increased risks of NTDs by measuring PAHs, OCPs, PCBs, and PBDEs in the placentas from 130 women in a rural area of China with a reported NTD prevalence rate as high as 13.9 per 1,000 births (13) .
Results
Characteristics of the case and control mothers are summarized in Table 1 . There was no significant difference between the two groups with respect to maternal age, educational level, occupation, parity, previous history of birth defect-affected pregnancies, folic acid supplementation, or passive smoking. One-third of the case mothers reported fever and/or influenza during early pregnancy, compared with 8% of the controls. None of the case mothers and only one control mother reported smoking during the periconceptional period. Table 2 and Fig S1 detail the concentrations of selected POPs in the placental samples of cases and controls. In total, 10 PAH congeners were detected in 82-100% of the samples. Phenanthrene was the PAH compound with the highest concentration, followed by fluorene, fluoranthene, pyrene, and anthracene. Median concentrations of all individual PAHs were higher in case placentas than in those of controls, although the differences for benzo [a] anthracene and benzo[g,h,i]perylene were not statistically significant. When all 10 PAHs were considered together, the median concentration of the sum (Σ 10 PAHs) for PAH burden was significantly higher in case placentas than in controls.
Target pesticides were successfully quantified in 78-100% of the placental samples. p,p′-dichlorodiphenyldichloroethylene (p,p′-DDE) was the dominant pesticide measured. Concentrations of p,p′-dichlorodiphenyltrichloroethane (p,p′-DDT) and its metabolites [p,p′-DDE and p,p′-dichlorodiphenyldichloroethane (p,p′-DDD)] or their sum (Σ 3 p,p′-DDTs) showed no significant difference between case and control placentas. In contrast, concentrations of o,p′-DDT and its metabolites (o,p′-DDE and o,p′-DDD) or their sum (Σ 3 o,p′-DDTs) were significantly higher in the case placentas compared with the control placentas. In addition, the ratio of metabolites (p,p′-DDE+p,p′-DDD) to parent (p,p′-DDT) was significantly lower in placental samples of cases than that of controls (41.5 vs. 56.0, P = 0.004). Hexachlorocyclohexanes (HCHs) also showed isomer-specific differences between the two groups. Concentrations of α-HCH and γ-HCH were significantly higher in case than in control placentas, but this was not the case for β-HCH, the most abundant HCH isomer found in the placentas. Additionally, case placentas had a higher concentration of α-endosulfan than did control placentas, although the concentrations were low in both groups compared with the other pesticides. For all other halogenated aromatic hydrocarbons, including hexachlorobenzene (HCB), PCBs, and PBDEs, there was no significant difference between the two groups. Pollutant concentrations in the case group were compared in placentas collected before and after 28 wk of gestation; no differences were observed (Table S1 ).
The risk of NTDs in association with a higher level of a specific pollutant or a group of pollutants was also analyzed (Table 3) . A concentration higher than the median of Σ 10 PAHs was associated with a 4.52-fold [95% confidence interval (CI), 2.10-9.74)] increased risk of NTDs, and an odds ratio of 2.91 (95% CI, 1.39-6.08) was observed for both Σ 3 o,p′-DDTs and α-HCH. In addition, higher levels of γ-HCH and α-endosulfan were associated with 3.36-(95% CI, 1.10-6.44) and 2.53-fold (95% CI, 1.03-5.99) increased risks for any NTDs, respectively. When potential confounding factors were adjusted for with an unconditional multivariate logistic model, the associations between a concentration above the median of Σ 10 PAHs, Σ 3 o,p′-DDTs, α-HCH, γ-HCH, and α-endosulfan and the risk of any NTDs remained ( Table 3) .
The association between selected pollutants and the risk of subtypes of NTDs was further analyzed. Median concentrations of Σ 10 PAHs, Σ 3 o,p′-DDTs, α-HCH, γ-HCH, and α-endosulfan were all higher in the placental samples of cases with anencephaly and spina bifida than those of controls, although differences in the concentration of γ-HCH and α-endosulfan for the two subtypes of NTDs were not statistically significant (Table 3) . Having a concentration above the median of Σ 10 PAHs was associated with 5.84-(95% CI, 2.28-14.96) and 3.71-fold (95% CI, 1.57-8.79) increased risk for anencephaly and spina bifida, respectively. Higher concentrations of Σ 3 o,p′-DDTs, α-HCH, γ-HCH, and α-endosulfan were also associated with elevated risk of anencephaly and spina bifida. After adjustment for the potential confounding factors, most of the significant associations between these pollutants and the risk of subtypes of NTDs remained (Table 3) .
The association between higher levels of Σ 10 PAHs, Σ 3 o,p′-DDTs, and α-HCH with the risk of NTDs showed a clear doseresponse relationship ( Fig. 1 and Table S2 ). When the lowest quartile was used as the referent, increases in the risk of NTDs of 1.77-(95% CI, 0.66-4.76), 3.83-(95% CI, 1.37-10.75), and 11.67-fold (95% CI, 3.28-41.49) were observed for women whose placental concentration of Σ 10 PAHs was in the second, third, and fourth quartiles, respectively. For Σ 3 o,p′-DDTs, the risks of any NTDs in association with the second, third, and fourth quartiles were 1.20 (95% CI, 0.45-3.19), 2.16 (95% CI, 0.79-5.92), and 5.10 (95% CI, 1.66-15.70), respectively. The results for α-HCH were similar to those of Σ 3 o,p′-DDTs. The dose-response relationship was present for both anencephaly and spina bifida. In contrast, no apparent dose-response relationships between levels of γ-HCH or α-endosulfan and the risk of any subtype of NTDs were observed.
Factors that might be associated with higher placental concentrations of PAHs or pesticides were compared between the case and the control groups. Five case mothers (6%) reported exposure to pesticides, solvents or heavy metals during the periconceptional period; no control mothers reported such exposures (Table S3) . No difference was found between the two groups with regard to domestic coal combustion exposure. When the analysis was performed separately in the case group and in the control group, case mothers who had a kitchen attached to her bedroom or living room, and who used hard coal for cooking and residential heating tended to have higher placental levels of PAHs, but the differences were not statistically significant. No similar tendency was observed in the control group. Maternal passive smoking was not associated with an elevated level of PAHs (Table S4 ).
Discussion
We found that higher levels of PAHs, o,p′-DDT and metabolites, and α-HCH in the placental tissues were associated with elevated risks of NTDs, and these risks increased with the concentrations of these pollutants. Increased placental levels of γ-HCH and α-endosulfan were also associated with elevated NTD risks, but no dose-response relationships were observed. No association was found between placental levels of p,p′-DDT and metabolites, β-HCH, HCB, PCBs, and PBDEs and risks of NTDs.
From the time of its conception and implantation in the uterus, the embryo requires a means of nutrient exchange from the mother as well as some means of protecting it from a maternal immune response (14) . Within the first weeks of development, the embryonic cells are separated from the maternal tissues by a layer of trophoblastic cells (15) . This arrangement remains throughout gestation. With time, the trophoblasts have not only penetrated the endometrial blood supply but have initiated chorionic villi formation. Those villi closest to the maternal blood supply will develop and expand into a mass of chorionic tissue that is ultimately considered to be the placenta. In addition to nutrients and oxygen, xenobiotics, especially lipophillic pollutants, can readily cross the preplacental structures and potentially impact embryonic development (16) . Although much of this development has occurred after the embryo's neural tube has closed, the continuum of development from the trophoblast to the placenta proper makes this a reasonable surrogate in which environmental exposures that occurred earlier in gestation can be evaluated. Thus, placental levels of pollutants of interest can be used as biomarkers of early in utero exposures even before the embryo proper is established (17) . Possible associations between PAH exposure and the risk of NTDs have been reported in several previously published epidemiological studies. Elevated risk of NTDs (relative risk, 1.83; 95% CI, 1.08-3.09) was observed in Sydney, Nova Scotia, Canada, where PAHs were reported as some of the most common pollutants emitted from large-scale coke oven operations, compared with a neighboring community (18) . A 10% excess risk of congenital anomalies of the nervous system was observed in a region of the United Kingdom, where an increased exposure to total black smoke was recorded (19) . In animal experiments, PAHs have been consistently shown to be teratogenic. The embryonic development of fish embryos was disturbed (20) , and congenital malformations of various organ systems were induced by benzo(a) pyrene exposure to pregnant mice (21) .
Environmental PAHs have multiple sources (22) . In northern China, PAH exposure comes primarily from coal combustion. Shanxi Province produced 300 million tons of coal in 2003 and ranked first in PAH emission among all Chinese provinces (23) . Coincident with PAH emission, the prevalence of NTDs in Shanxi Province was the highest in the country (24) , with a prevalence rate of as high as 13.9 per 1,000 in some rural communities (13) . In addition to industrial emission, exposure to indoor coal combustion is another major source of exposure to PAHs. In the rural area of the province, local residents use coal for cooking and residential heating in the winter. Our previous study conducted in the same population found that the concentration of PAHs was higher in the venous blood of mothers who had NTD-affected pregnancies than in those who delivered healthy infants (9) . Exposure to indoor coal combustion, based on an index constructed from questionnaire data, has been shown to be associated with an elevated NTD risk (25) . These findings support the hypothesis that NTD risk may be associated with environmental PAH exposure. In the present study, however, an association between indoor coal use and placental PAH concentration was not observed, likely owing to the small sample size.
Because each of the 10 individual PAHs assessed in the present study had higher concentration in case placentas than in controls, total PAHs concentration was used as a summary exposure indicator in subsequent analyses. The similarities in their molecular structure and metabolism of these PAHs justify the use of the total PAHs as such an exposure indicator. Although fluorene and phenanthrene had the most weight, the difference in total PAHs remained significant even if fluorene and phenanthrene were excluded in calculating the total (median, 162 ng/g lipid for cases, and median 91 ng/g lipid for controls).
A possible association between pesticide exposure and the risk of NTDs has been suggested in several epidemiological studies (10, 11) . However, all of these studies relied on self-reported pesticide exposure or used occupation or job title as surrogates for actual pesticide exposure data. This may compromise the studies by increasing the chance of recall bias and exposure mis- classifications (26) . In the present study, we used placental concentrations of several pesticides and their metabolites as biomarkers of in utero exposure. We found that elevated levels of o,p′-DDTs and α-HCH in the placenta were associated with increased risks of NTDs. Because DDT and HCH were banned in 1983 in China, the presence of these pesticides in the placenta must reflect their residues persisting in the environment. Placental levels of pollutants are determined by both maternal exposure and the metabolic rate of the mother. Higher levels of pollutants in case placentas could be an indication of excess exposure to these pollutants by case mothers compared with controls. Although no difference in exposures to residential coal combustion was observed between the case and the control groups, the possibility of increased exposure to coal combustion for the case group cannot be ruled out. On the other hand, variations in maternal metabolism may also contribute to the differences in placental levels of these pollutants (i.e., case mothers may have a lower metabolic rate than the control mothers, presumably due to genetic factors). This was supported by the lower metabolites to parent ratio ([p,p′-DDE+p,p′-DDD]/p,p′-DDT) in the case group than in the control group. Lower metabolic rates in case mothers may result in higher placental levels of relatively less persistent pollutants, such as PAHs, o,p′-DDTs, and α-HCH, but not for more persistent pollutants, such as HCB, p,p′-DDE, and β-HCH. Lower metabolic activities mean slower elimination of xenobiotics from the maternal body, and thus may increase exposure of the embryo/fetus. Such extended exposure to these teratogenic compounds may increase the risk of birth defects (27) .
Although PAHs and organochlorine pesticides are structurally different types of chemical pollutants, they need to be activated by cytochrome P450 enzymes before they can exert their biological impact (28) . Studies have shown that PAHs and organochlorine pesticides could induce oxidative stress (29) (30) (31) (32) (33) . Oxidative stress has long been considered to be a mechanism of teratogenic action for many compounds, resulting in the misregulation of redox-sensitive signal transduction pathways. These pathways are critical for developmental processes, including cellular proliferation, differentiation, and apoptosis (34) .
Maternal hyperthermia has been shown to induce NTDs in experimental animal systems (35, 36) . In humans, fever and/or influenza during the periconceptional period has been found to be a risk factor for fetal NTDs (37) (38) (39) . In the present study, maternal fever and/or influenza was associated with an elevated risk of NTDs in a univariate analysis. In a multivariate logistic regression analysis that adjusted for maternal fever and/or influenza, along with other factors that are potentially associated with increased risks of NTDs, the association of higher levels of PAHs and several organochlorine pesticides in the placenta with the risk of NTDs remained significant, suggesting that these pollutants may be independent risk factors for NTDs in this population.
In conclusion, higher levels of PAHs, o,p′-DDT and metabolites, and α-HCH in the placenta were associated with elevated risks of NTDs. Further research is warranted to determine whether increased maternal exposure, altered maternal metabolism, or the interactions between maternal metabolism and environmental pollutants is the underlying cause of the increased levels of the pollutants in the case placentas. Future studies may also examine placental oxidative status to provide insight into the mechanism of action exerted by these environmental pollutants.
Methods
Subjects. Subjects were recruited from four rural counties of Shanxi Province (Pingding, Xiyang, Taigu, and Zezhou), China from 2005 to 2007. Cases with a confirmed diagnosis of an NTD were ascertained through a populationbased birth defects surveillance program (13) . Once a fetus or a newborn with such defects was identified as a case, a healthy newborn with no congenital malformations born in the same hospital was selected as a control. The control was matched for sex, mother's county of residence, and the date of mother's last menstrual period, which was selected to be as close as possible to that of the case mother's. Information on the mother's sociodemographic characteristics, lifestyle, reproductive history, periconceptional use of folic acid supplements, smoking and passive smoking, exposure to pesticides, solvents or heavy metals, and domestic fuel use for cooking and heating was collected through face-to-face interviews, which for the most part (92%) were conducted within the first week of delivery or pregnancy termination. Placentas were collected at delivery or termination of NTDaffected pregnancies, placed in polyethylene bags, and kept at −20°C until use for analyses. The study protocol was approved by the institutional review board of Peking University. Informed consent was obtained from the mothers before the study.
In our previous study conducted in the same population, a sample size of 35 case and 18 control mothers revealed a statistically significant difference in the blood levels of PAHs (9) . In the present study, we used an empirical sample size of 35 or greater per subgroup, which would be adequate to test the existence of differences between concentrations of PAHs in the placentas of the case and the control groups, assuming that the difference in the placenta was similar to the difference in the blood. Although designed as a matched case-control study, some placentas were not available for evaluation owing to a failure to obtain consent from some women; therefore, the pairs were broken in the present study. We randomly selected 80 placentas of NTD cases (anencephaly, 36; spina bifida, 44) from a total of 155 placentas of women who had NTD-affected pregnancies, and 50 from 163 placentas of women who gave birth to singleton healthy infants as control placentas. All of the control placentas were from term deliveries. For NTD cases, 53% (40 of 75) of the placentas were collected before 28 gestational weeks, 35% (26 of 75) between 28 and 36 gestational weeks, and 12% (9 of 75) at term (5 with missing information). 
